The membrane-associated enzyme NAPE-PLD (Nacyl phosphatidylethanolamine specific-phospholipase D) generates the endogenous cannabinoid arachidonylethanolamide and other lipid signaling amides, including oleoylethanolamide and palmitoylethanolamide. These bioactive molecules play important roles in several physiological pathways including stress and pain response, appetite, and lifespan. Recently, we reported the crystal structure of human NAPE-PLD and discovered specific binding sites for the bile acid deoxycholic acid. In this study, we demonstrate that in the presence of this secondary bile acid, the stiffness of the protein measured by elastic neutron scattering increases, and NAPE-PLD is ∼7 times faster to catalyze the hydrolysis of the more unsaturated substrate N-arachidonyl-phosphatidylethanolamine, compared with N-palmitoylphosphatidylethanolamine. Chenodeoxycholic acid and glyco-or tauro-dihydroxy conjugates can also bind to NAPE-PLD and drive its activation. The only natural monohydroxy bile acid, lithocholic acid, shows an affinity of ∼20 μM and acts instead as a reversible inhibitor (IC 50 ≈ 68 μM). Overall, these findings provide important insights into the allosteric regulation of the enzyme mediated by bile acid cofactors and reveal that NAPE-PLD responds primarily to the number and position of their hydroxyl groups.
L
ipid signaling molecules and their enzymes constitute a complex network with multiple nodes of interaction and cross-regulation. 1 Deciphering these nodes can provide essential clues to their signaling mechanisms. Among bioactive lipidic molecules, the amides of fatty acids with ethanolamine (FAE) promote essential neurological, cyto-protective, and metabolic actions. The endogenous cannabinoid arachidonylethanolamide (anandamide) is known to elicit analgesic and anxiolytic actions in rodents by activating cannabinoid receptors in central and peripheral neurons.
2 Anandamide contributes to stimulating appetite, 3−7 addiction, 8 and brain synaptogenesis. 9 Oleylethanolamide is another important lipid amide that regulates body weight and lifespan, engaging nuclear peroxisome proliferator-activated receptors. 10−12 Palmitoylethanolamide serves as an early stop signal that contrasts the progress of inflammation. 13−16 Upon stimulation, the membrane-associated enzyme NAPE-PLD synthesizes all different FAEs from their corresponding N-acyl phosphatidylethanolamine (NAPE), 9, 17, 18 a ubiquitous and abundant glycerophospholipid mostly found in tissues and biological fluids that are involved in degenerating processes. 19 The crystal structure of human NAPE-PLD obtained recently in our laboratory at 2.65 Å of resolution 20 disclosed how the dinuclear zinc active site of the enzyme recognizes NAPE and catalyzes the production of FAEs. Structural and functional analysis unveiled that the secondary bile acid (BA) deoxyxcholic acid (DCA) binds the protein dimer, in a specific cavity close to the active site ( Figure 1 ). Results showed the interaction between NAPE-PLD and the steroid acid was a stimulus for the enzyme hydrolytic process. 20 This discovery cast an interesting light on NAPE-PLD as a point where FAE signaling and BA physiology converge. 21 However, despite the relevance of this lipidic cross-talk, the chemical determinants of BAs contributing to turn the enzyme on remain unclear. 22 Here, we have investigated structure−activity correlations and binding kinetics of different natural BAs and identified the steroidal hydroxylation pattern as the key element for enzyme recognition and activation. We have also evaluated the effect of DCA on NAPE-PLD dynamics by neutron scattering (NS), to characterize how the enzyme activation occurs. NS experiments provide quantitative measurements of the thermal mean square atomic fluctuations, and information on global protein dynamics on a time scale from picoseconds to nanoseconds. 23, 24 Results show that, in the presence of DCA, the enzyme limits protein structure fluctuations and enhances its maximum catalytic reaction rate toward the unsatured substrate N-arachydonyl-PE, as determined by lipid chromatography mass spectrometry.
■ RESULTS AND DISCUSSION
Structure−Activity Relationships of Natural Bile Acids as NAPE-PLD Modulators. To investigate how NAPE-PLD recognizes major human endogenous BAs, we measured their binding affinity and kinetics using surface plasmon resonance (SPR) with fast-step injections. 25 For each compound sensorgram, the values of label-free biomolecular interaction expressed as an association constant,
), and binding constant, Figure 2A . Interaction kinetics of different BAs showed similar fast association and dissociation rates ( Figure  2B ), in line with the constitutively exposed binding site on the surface of the protein dimer (Figure 1 ). The affinities of BAs spanned from ∼20 μM to ∼1 mM, and BAs had similar dissociation constants (from 0.5 s −1 to 2.5 s
−1
). Stronger binders showed values of k a on the order of
, while weaker binders had values of k a on the order of
, suggesting the kinetics of association mainly influences the affinity of BAs.
The monohydroxy BA lithocholate (LCA, 3α) showed the highest affinity for NAPE-PLD (K D ≈ 20 μM; Figure 2A ). The dihydroxy BAs, chenodeoxycholic acid (CDCA, 3α 7α) and deoxycholate acid (DCA, 3α 12α), had a K D ≈ 25 μM and ≈ 43 μM, respectively. The addition of a third hydroxyl group to the steroid acid moiety reduced by ∼10-fold the interaction affinity, as the trihydroxy cholic acid (CA, 3α 7α 12α) bound weakly to the enzyme (K D ≈ 403 μM; Figure 2A ). These results revealed that the enzyme bound preferentially more hydrophobic BAs, and it was sensitive to the presence and position of hydroxyl groups at the steroidal body. The correlation trend between affinities and hydroxyl groups resulted also for natural BAs that were conjugated with glycine and taurine ( Figure 2A ). For example, glycodeoxycholic acid (GDCA) and taurodeoxycholic acid (TDCA) showed binding affinities that were similar to that observed for DCA, while the affinities of taurocholic acid (TCA) and the synthetic cholic acid-derivative CHAPS were ∼10-fold lower (Figure 2A) .
Interestingly, despite a different side chain substitution in position C17 (Figure 2A) , the bile acid-analogue fusidic acid (FA) exhibited a K D ≈ 70 μM (Figure 2A ). The structure of this natural antibiotic 26, 27 had two free hydroxyl groups in α-orientation (3α, 11α) that could contribute to the interaction with the enzyme. These observations indicate that the number and orientation of the free hydroxyls drive the interaction between the bound steroid and the protein dimer, possibly involving water molecules located in between (Figure 1) .
Comparative dose−response curves in the fluorescencebased activity assay showed that both DCA and CDCA activated NAPE-PLD upon binding, and DCA was slightly more efficient (EC 50 ≈ 3.2 mM) at enhancing the activity of the enzyme (EC 50 ≈ 4.3 mM; Figure 3A ). Their glycine and taurine conjugates also promoted the catalysis of NAPE-PLD, supporting the observation that NAPE-PLD was more sensitive to the hydroxylation in position C12α versus C7α (e.g., GDG, EC 50 ≈ 2.5 mM; GCDG, EC 50 ≈ 3.6 mM; Figure 3B ,C).
As reported above, the monohydroxy BA LCA bound NAPE-PLD (Figure 2 ). However, LCA was not able alone to solubilize the substrate and activate the membrane enzyme (not shown). We thus evaluated its effect in the presence of DCA at 0.2% (w/v), where the enzyme had maximum activity. 20 Contrary to other examined natural BAs, LCA was shown to inhibit the DCA-induced activation of the enzyme with an IC 50 ≈ 68 μM ( Figure 3D ). Overall, these findings highlighted the crucial role of the hydroxyl groups in determining (i) the BA physicochemical profile, (ii) affinity for NAPE-PLD, and (iii) enzyme activation level. We tried to structurally rationalize these results by X-ray crystallography, but unfortunately, all attempts to crystallize NAPE-PLD in complex with different BAs were unsuccessful.
Deoxycholic Acid Restricts Protein Structure Fluctuations. We next asked whether the interaction between BA and NAPE-PLD ( Figure 1 ) affects protein global flexibility. We performed elastic incoherent neutron scattering (EINS) experiments in the presence of different concentrations of DCA at the high-resolution backscattering spectrometer IN13 of the Institut Laue-Langevin (ILL, Grenoble, France), to spotlight possible protein dynamics transitions occurring in the accessible space-time window (∼2 Å in ∼0.1 ns). 28 The compound DCA was selected for the availability of a threedimensional description of its complex with the enzyme.
From a first visual inspection of the EINS intensities summed from the available scattering vector (Q) range (0.3 < Q < 4.9 Å ) and plotted as a function of temperature (280, 290, 300, and 307 K)we observed a significant effect of DCA concentration on the dynamics of protein atoms ( Figure 4A ). The EINS experiments were carried out in D 2 O buffer, at DCA concentrations of 0.00%, 0.05%, 0.15%, 0.50%, and 1.00% (w/ v), corresponding to BA/NAPE-PLD ratios of 0.0, 0.5, 1.5, 5.0, and 10.0, respectively. Indeed, in the absence of DCA, the normalized sum of elastic intensities decreased almost linearly with the temperature, and the scattering intensities were almost not affected by the addition of DCA up to a concentration of Figure 1 . Structure of human NAPE-PLD and bile acid interactions. Surface representation of the NAPE-PLD protein dimer (PDB code: 4qn9). The two subunits (dark gray and light gray) are partly separated by an internal channel having a diameter of ∼9 Å. The subunits interact mainly thought their L1 loops. These loops bind bile acid molecules (carbon atoms in green) and the glycerophospholipidic substrate N-arachydonyl-PE (carbon atoms of the sn-1 and sn-2 fatty acid chain are in orange, while those of the sn-3 in yellow). The parallel orientation of the two monomers suggests that both subunits function concurrently by recruiting NAPE substrates from the membrane. The right panel shows details of the interaction between NAPE-PLD and deoxycholic acid (DCA). The bile acid carboxyl group interacts with residue Y159 of the L1 loop, together with W218 and arginine R257 of the opposite dimer subunit (highlighted by asterisks). The steroid hydroxyls form a network of hydrogen bonds (dotted lines) that involves five L1-bridging water molecules (red spheres). Single-letter abbreviations of amino acids have been used for clarity. We further quantified how much the protein flexibility was affected by the increase of DCA concentration, measuring the temperature dependence of the atomic mean square displacement ⟨u 2 ⟩ (Å 2 ; Figure 4B ), which was calculated using eq 2 (Methods). The slope of the scan represented the protein dynamics (pseudo)-force constant k (N/m)eq 3 (Methods)or "resilience" of the protein, as introduced by Zaccai. 23 The moderate reduction of the k value to the increase of the molar ratio between DCA and protein ( Figure 4B ) suggested an initially slightly higher protein mobility acquired by NAPE-PLD, possibly due to the presence of the BA detergent molecules in solution. On the other hand, at a higher concentration of DCA (∼10 times that of the enzyme), the system lost flexibility, and the DCA-mediated restriction of protein dynamics fluctuations became evident with the increase of the k value ( Figure 4B) . Interestingly, the reported crystal structure of NAPE-PLD 20 showed coordinates for 11 molecules of DCA bound to the protein dimer (Figure 1) , suggesting how these molecules might contribute to the stiffness of the enzyme ( Figure 4C ).
ACS Chemical Biology
Bile Acids Regulate the Biosynthesis of FAEs. To study whether bound BA molecules regulate enzyme substrate specificity, we measured the enzyme kinetic parameters against N-arachidonoyl-PE and N-palmitoyl-PE in the presence of DCA (0.2% w/v; Figure 5 ). Lipid mass spectrometry electrospray ionization results showed K m values of ∼9 μM for both substrates, suggesting a similar affinity for NAPE-PLD. These values were consistent with those obtained previously using a radioactivity-based assay (∼3 μM), where the enzymatic reactions were performed in a buffer solution containing the synthetic detergent Triton X-100 (0.1%) for substrate solubilization and enzyme activation. 18 Despite similar K m values, in the presence of the cofactor DCA the values of V max were ∼1131 nmol/min/mg protein for N-arachidonoyl-PE and ∼156 nmol/min/mg protein for Npalmitoyl-PE ( Figure 5 ), revealing that the enzyme was not equally active against NAPE with different N-acyl groups. Hence, the DCA-complexed NAPE-PLD resulted much faster in hydrolyzing the more unsatured substrate N-arachidonoyl-PE with respect to N-palmitoyl-PE. Indeed, when the specific interaction of BAs for NAPE-PLD had not been discovered yet, the values of V max were reported to be similar (∼73 nmol/min/ mg and ∼98 nmol/min/mg, respectively). 18 Consistent with our results, measurements obtained recently by brain lipidomics analysis showed that all FAEs were significantly reduced in both the "Luquet line" and "Deutsch line" of NAPE-PLD(−/−) knockout mice. 29 However, in the "Luquet line," the magnitude of the effect was stronger for N-arachidonoyl ethanolamine and other unsaturated long N-fatty acid chains (N-docosahexaenoyl ethanolamine and N-linoleoyl ethanolamine), compared with N-oleoyl ethanolamine and N-palmitoyl ethanolamine. 29 Conclusions. In the present study, we have identified the structural determinants of BAs responsible for recognition and modulation of NAPE-PLD and investigated how this process occurs. Our analyses demonstrate that the enzyme recognizes the cofactors for the number and position of hydroxyl groups at the steroidal body. The hydroxylation pattern of BAs anchors the BA to the L1 loops that interconnect the two protein subunits and contributes to cluster a small number of water molecules at the BA-enzyme interface (Figure 1 ). Structure 20 and protein dynamics show that when molecules of BA are bound to their allosteric binding sites, the amplitudes of protein thermal motions are restricted, facilitating the active site pocket to accommodate different NAPEs and stimulating the enzyme to promote the catalysis ( Figure 4C) . Importantly, the complex BA-enzyme enhances the reaction rate with the substrate Narachidonoyl-PE, suggesting the interaction between NAPE-PLD and BAs, and the stiffening of the enzyme dynamics might favor the selective production of the endocannabinoid anandamide and other unsatured long FAEs. Contrary to DCA, the secondary BA LCA inhibits the enzyme activation in the low micromolar range (∼68 μM). We attempted to investigate by X-ray crystallography how LCA might promote this effect, but high concentrations of DCA (>2.0 mM) were indispensable to efficiently solubilize and crystallize the membrane protein, thus preventing LCA binding. However, this observation supports the hypothesis that the ratio between the hydrophobic and cytotoxic LCA 30 and DCA might affect the regulation of FAE biosynthesis. Major free and conjugated dihydroxy BAs function similarly as cofactors to activate NAPE-PLD, providing information that may guide the design of specific BA-based allosteric enzyme modulators.

In vitro, the BA concentration required for a half-maximal response spans from ∼2 to ∼4 mM. Consequently, dihydroxy BAs bind and activate NAPE-PLD at concentrations that can be found in the gut during food digestion, where the total mean postprandial concentrations of BAs span from ∼10 mM in the upper ileum to ∼2 mM in the lower ileum. 31 On the contrary, we expect that the trihydroxy bile acid CA might result in being poorly associated with NAPE-PLD, considering that it has a ∼10-fold lower binding affinity for the enzyme (this work); the two primary BAs, CDCA and CA, show a similar content in the human BA pool (∼40%), and dihydroxy conjugates comprised 76% of the primary BAs in the serum. 32−35 In vivo studies are required to assess the physiological meaning of our findings.
■ METHODS
Protein Expression and Purification. Protein expression and purification were performed as described in ref 20 . pMAL c5x vector harboring the gene of nape-pld (Δ47) was transformed into Escherichia coli RosettagamiB (DE3) pLysS cells (Novagen) to overexpress the encoded recombinant protein with an N-terminus maltose binding protein (MBP) tag and a C-terminus hexahistidine tag. The cells were first grown at 37°C to an absorbance at 600 nm of 0.7, and protein expression was induced with 250 μM isopropyl-β-D-thiogalactoside (IPTG; Sigma) at 28°C for 16 h. The cells were then harvested by centrifugation (4500g, 20 min, 4°C), treated with 1 mg mL −1 of lysozyme, and frozen at −20°C.
Cells were then resuspended in ice cold lysis buffer 0.02 M HEPES at pH 7.8, 0.2 M NaCl, and EDTA free protease inhibitor cocktail (Sigma) and lysed by sonication on ice. After removal of the debris by centrifugation (12 000g, 1 h, 4°C) , the supernatant was mixed with 5 mL of amilose sepharose resin (New England Biolabs) and incubated on a rotor for 4 h at 4°C. The MBP-tagged protein was then eluted using lysis buffer without protease inhibitors and digested with recombinant factor Xa protease (Sigma-Aldrich) according to the manufacturer's suggestions.
The protein was finally purified by using Ni-affinity (eluting with 0.02 M HEPES at pH 7.8, 0.2 M NaCl and 500 mM imidazole) and size-exclusion chromatography with a Superdex 16/600 200pg (GE Healthcare) column pre-equilibrated with a buffer of 0.02 M HEPES at pH 7.8 and 0.2 M NaCl in the absence or presence of 0.1% sodium deoxycholate acid (DCA).
Binding Kinetics. Kinetic parameters of the interaction between NAPE-PLD and bile acids were measured by SPR (surface plasmon resonance) using FastStep injections 25 at 25°C (Biosensor SensíQ Pioneer, ICX Technologies). The protein sample was minimally biotinylated on ice for 3 h using an equimolar concentration of sulfo-NHS-LCA-biotin and passed through a Superdex-200 gel filtration column (buffer 0.02 M HEPES at pH 7.8, 0.2 M NaCl) to remove the excess of free biotin. Streptavidin was immobilized onto a COOH 5 sensor chip using a standard amine-coupling method and HBS as a running buffer. This coupling method resulted in a density of ∼15 000 Figure 5 . Rate of the bile-acid activated enzyme versus NAPE. Human NAPE-PLDs (0.63 μg of protein) were allowed to react with various concentrations of the substrates N-arachidonoyl-PE and N-palmitoyl-PE in the presence of the cofactor DCA (0.2%, corresponding to the maximum enzyme activation), at 37°C for 15 min. The graph shows actual data points for the products arachidonylethanolamide (AEA, solid symbols) and palmitoylethanolamide (PEA, open symbols), their best fit line (Prism software). K m values for the two substrates were 9.6 (±4.2) μM and 9.2 (±1.9) μM, respectively. The maximum velocity (V max ) resulted in 1131 (±124.4) nmol/min/mg protein for N-arachidonoyl-PE and 155.8 (±38.36) nmol/min/mg protein for N-palmitoyl-PE. UPLC-MS/MS assays were repeated three times for each substrate. RU (resonance units) of neutravidin on all flow cells. Biotinylated NAPE-PLD (Δ47) was then captured to densities of ∼3000 RU. The kinetic profile of BA binding was obtained using 100 μM as the highest concentration and Faststep injections at a flow rate of 30 μL/min. The response data were processed with the QDAT program of the biosensor using a reference surface to correct for any bulk refractive index changes and blank injections for double referencing. The binding profiles were fit globally to a 1:1 interaction model.
ACS Chemical Biology
Neutron Scattering. Incoherent neutron scattering of protein samples is dominated by hydrogen atoms, 23 because hydrogen comprises approximately 50% of all protein atoms, and the incoherent scattering cross sections of hydrogen (80.27 barn) is significantly larger than that of other atoms in biological macromolecules (nitrogen 0.5 barn, carbon and oxygen 0.001 barn). Hydrogen atoms are homogeneously distributed in biological macromolecules; thus neutron scattering can probe average molecular dynamics. In order to enhance the scattering contribution of NAPE-PLD atoms and neglect that of the buffer, the purified protein was concentrated and resuspended five times against a 100× volume of D 2 O (deuterium 2.08 barn).
Temperature-dependent EINS scans were performed on the thermal neutron high resolution backscattering spectrometers IN13 of the Institut Laue-Langevin (ILL), Grenoble, France. With a nearly Q-independent energy resolution of δE = 8 μeV (full width at halfmaximum) and an accessible momentum transfer range of 0.2 < Q < 4.9 Å −1 , IN13 allows the investigation of molecular motions on a time scale up to 100 ps and with an amplitude from 1.3 Å to ∼31 Å. Elastic neutron scattering spectra of NAPE-PLD (100 mg mL −1 ) were collected in the temperature range 280−310 K, with ∼3 h of acquisition time per point to optimize the signal-to-noise ratio.
The program LAMP 36 was used for data reduction, consisting of removal of the empty cell contribution and normalization with respect to a vanadium scan (a totally incoherent sample) to compensate for differences in detector efficiency and geometry. In order to avoid corrections from multiple scattering events, cell thickness and geometry were properly chosen to minimize neutron absorption from the sample. A typical transmission of ∼95% was guaranteed using a standard flat aluminum sample holder with a thickness of 0.4 mm.
EINS Data Analysis. The scattered elastic incoherent intensity can be described in a Gaussian approximation by the dynamic structure factor at zero energy exchange. 28, 37 
where ΔE is instrumental energy resolution, related to the time window through Heisenberg's uncertainty principle, and ⟨u 2 ⟩ is the average time-dependent atomic mean square displacement in the limit defined by ΔE.
38
Similarly to the Guinier approximation in small angle scattering, the Q range of validity for the Gaussian approximation depends on the geometry of the motion and could go as far as ⟨u 2 ⟩ Q 2 ≈ 2. 39 For each temperature the ⟨u 2 ⟩ can be obtained by the slope of the semilogarithmic plot of the incoherent scattering function through
An effective average force constant for sample dynamics, ⟨k⟩ , can be calculated from the slope of ⟨u 2 ⟩ as a function of temperature, by applying a quasi-harmonic approximation:
Enzyme Activity Assays. The activity of NAPE-PLD in the presence of different BAs was measured by fluorescence assay as described previously. 20 Briefly, the enzyme was diluted to a final concentration of 25 nM in assay buffer (50 mM Tris-HCl, pH 8), preincubated for 1 h at RT with varying concentrations of bile acids (0−5 mM). The substrate PED6 [N-((6-(2,4-dinitrophenyl)amino)-hexanoyl)-2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt] in 2.5% DMSO/ethyl acetate (1:4 v/v) was added to a final concentration of 10 μM in the reaction buffer (1% DMSO/ethyl acetate mixture) and the fluorescence measured after 30 min of incubation in the dark at 25°C, using an emission filter at 485 nm and excitation filter at 535 nm. The effect on activity of LCA was measured in the presence of 0.2% w/v DCA in the reaction buffer to solubilize the substrate and activate the enzyme. Plates were finally incubated for 30 min at 25°C in the dark. Reaction fluorescence was measured using the EnVision 2104 Multilabel Plate Reader and results analyzed by Prism software.
The effect of DCA on enzyme kinetics was measured in multiple reaction monitoring by ultraperformance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). The protein (630 ng) was incubated with different substrate concentrations, N-arachidonoyl-PE or N-palmitoyl-PE, in [0.3 mL of 0.05 M Tris-HCl buffer at pH 7.4, 0.2% w/v DCA], for 15 min at 37°C. Reactions were stopped by ther addition of cold acetonitrile containing either PEA-d4 or AEA-d4 as an internal standard, assuming that a steady state was reached (Michaelis Menten condition). After centrifugation (3000g at 4°C for 20 min), the organic layers were collected and used for the UPLC-MS/MS acquisition. LC-MS/MS analyses were carried out on an Acquity UPLC system coupled with a Xevo TQ-MS triple quadrupole mass spectrometer (Waters Inc. Milford, MA, USA). Chromatographic separation was achieved using a BEH C18 column and a flow rate elution of 0.5 mL/min. Analytes were quantified by multiple reaction monitoring (MRM) in the positive ESI mode. Data were acquired by MassLynx software and quantified by TargetLynx software. Calibration curves were obtained by plotting the analyte to IS peak areas ratio versus the corresponding analyte concentration using weighted (1/x) least-squares regression analysis. Each experiment was run in triplicate. Prism software was used to fit the velocity/concentration profiles and determine the Michaelis Menten kinetic parameters (V max and K m ) for the products arachidonylethanolamide and palmitoylethanolamide.
